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Abstract
The first observation of the kaonic 3He 3d→ 2p transition was made, using
slow K− mesons stopped in a gaseous 3He target. The kaonic atom X-
rays were detected with large-area silicon drift detectors using the timing
information of the K+K− pairs of φ-meson decays produced by the DAΦNE
e+e− collider. The strong interaction shift of the kaonic 3He 2p state was
determined to be −2 ± 2 (stat)± 4 (syst) eV.
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1. Introduction
Low-lying energy levels of kaonic atoms are shifted and broadened due to
the strong interaction between the antikaon and nucleus. These shifts and
widths are fundamental data for studies of the low-energy K¯N interaction,
and generally of low-energy QCD in the strangeness sector. Although kaonic
atom X-ray data have been taken using many target materials, little was
known about kaonic atoms with Z = 1 and 2. Concerning kaonic helium, no
data was available for kaonic 3He, while, until recently, for kaonic 4He there
was a discrepancy between experimental results and theoretical predictions
[1, 2, 3, 4]. This discrepancy was eventually solved in recent years by the E570
and SIDDHARTA experiments [5, 6], where reliable experimental data were
obtained. As soon as a low-energy kaon beam, allowing the use of gaseous
target, and fast-timing X-ray detectors became available, for the first time,
kaonic 3He X-rays could be measured by the SIDDHARTA experiment.
The SIDDHARTA experiment uses low-energy kaons generated by the
DAΦNE collider, which may be stopped efficiently in a gaseous target in a
small volume. Large-area silicon drift detectors (SDDs) – developed in the
framework of the SIDDHARTA collaboration – were used as X-ray detectors
for the first time at a collider machine. Using these SDDs, it was possible to
determine X-ray energies with a precision of a few eV in the energy range up
to about 10 keV, based on high suppression of background events.
In this paper, we report on this first measurement of the kaonic 3He X-
rays, which is extremely important in view of a possible shift of the kaonic
3He 2p level, as well as a possible isotope difference of the 2p level shifts
between kaonic 3He and 4He depending on the strength of the K−-3He and
K−-4He interaction [7].
2. The SIDDHARTA experimental setup
The SIDDHARTA setup was installed at the e+e− interaction point of
the DAΦNE collider. It consists of an X-ray detection system, a cryogenic
target system, and a kaon detector, as shown in Fig. 1.
Helium-3 gas at a temperature of 20 K and a pressure of 1 bar was used
as a target. The gas was contained in a cylindrical target cell (with a radius
of 72 mm, and a height of 155 mm), made of 75-µm thick Kapton foils.
Large area silicon-drift detectors (SDDs) having an active area of 1 cm2
each and a thickness of 450 µm [8, 9, 10] were used for X-ray detection. A
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Figure 1: An overview of the experimental setup. The whole system was installed at the
interaction point of DAΦNE.
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total active area of 144 cm2 was installed with a distance of 78 mm between
the SDDs and the target central axis. The SDDs were cooled to a temperature
of 170 K with a stability of ±0.5 K.
The positions at which the SDDs were installed differed from those in the
setup used for kaonic 4He in [6]. Together with a larger size of the target,
the acceptance of the SDDs was improved by a factor of about 2.6.
K+K− pairs produced by φ decay were detected by two scintillators in-
stalled above and below the beam pipe at the interaction point (called “the
kaon detector”). The scintillator installed below the beam pipe has a size of
72 × 72 mm2 and a thickness of 1.5 mm, while the one installed above the
pipe has a smaller size of 49 × 45 mm2 and a thickness of 1.5 mm. Above
the upper scintillator a degrader was installed to degrade the kaon energy so
that the K− mesons are stopped in the 3He target volume.
High intensity X-ray lines for energy calibration were periodically pro-
vided by irradiating thin foils of titanium and copper with an X-ray tube to
excite them. They were installed at the interaction point, replacing the kaon
detector.
Two types of data were taken with the e+e− beams. The first type (“pro-
duction” data) is data taken with the kaon detector and degrader, to be used
for collection of kaonic atom X-ray events. The second type (“X-ray tube”
data) is data taken with the X-ray tube and the Ti and Cu foils. These X-ray
tube data were taken periodically (typically every several hours), to be used
for the determination of the energy scale of each SDD, and for monitoring
temporal changes in the positions of the Ti and Cu X-ray peaks.
Energy data of all the X-ray signals detected by the SDDs were recorded
using a specially designed data acquisition system. Time differences between
the X-ray signals in the SDDs and the coincidence signals in the kaon detector
were recorded using clock signals with a frequency of 120 MHz, whenever
the X-ray signals occurred within a time window of 6 µs. In addition, time
differences between the coincidence signals in the kaon detector and the clock
pulses delivered by DAΦNE were recorded.
The kaonic 3He X-ray data were taken for about 4 days in November of
2009. In this period, an integrated luminosity of 17 pb−1 was collected, which
corresponds to about 2 · 106 kaons detected by the kaon detector.
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Figure 2: X-ray energy spectra of the SDDs, where data of all the selected SDDs were
summed: (a) data taken with the X-ray tube, and (b) data uncorrelated to the kaon
production timing in the production data. The peak positions of the Ti, Cu, and Au
fluorescence X-ray lines in Fig. (b) were used to determine the accuracy of the energy
scale.
5
3. Analysis of kaonic helium X-ray data
First, the X-ray tube data were analyzed. Energy spectra of each SDD
contain Ti and Cu Kα peaks with high statistics, mainly induced by radiation
from the X-ray tube. Since each SDD has a different gain, the energy scale
was determined using the known X-ray energies of the Ti and Cu lines. In
addition, SDDs having good performance were selected, based on energy
resolution, peak shape, and stability during the measurements [11]. The
energy spectrum of the X-ray tube data is shown in Fig. 2(a), where data of
all the selected SDDs were summed. More detailed information can be found
in [11].
The production data were then analyzed using the energy scale deter-
mined from the X-ray tube data after corrections for temporal fluctuations
of the peak positions. The production data are categorized as two types,
based on whether or not the coincidence signals between the SDD and kaon
detector occurred within a coincidence window of 6 µs. One type contains
X-ray events correlated with the kaon coincidence (triple coincidence data),
providing kaonic atom X-ray energy spectra with a high background sup-
pression. The other type contains X-ray events uncorrelated with the kaon
coincidence (non-coincidence data), providing large statistics of background
events, as well as X-ray lines from the target materials induced by the beam
background.
Figure 2(b) shows the energy spectrum of the non-coincidence data. The
Ti and Cu peaks are seen at an energy of 4.5 keV and 8.0 keV, respectively.
These peaks were produced by the Ti and Cu foils installed on the top of the
target, as well as by the Ti foil, which is a part of the degrader. In addition,
the Au Lα line is seen at 9.7 keV, which was produced by the material of the
SDD support structure. The Mn Kα and Fe Kα peaks were seen at 5.9 keV
and 6.4 keV, which were produced by a 55Fe source and the Fe foil installed
on the top of the degrader during part of the measurement.
The accuracy of the energy scale in the production data was evaluated
using the peak positions of the Ti, Cu, and Au lines. For the evaluation,
the data taken with other target gases in the same experimental setup were
also used, to reduce the effect of statistical fluctuations in the peak posi-
tions. In the fit of these lines, X-ray energies determined by high-resolution
measurements were used as reference values [12, 13, 14], where their natural
linewidth and asymmetric components were also taken into account.
As a result of the fit, the energy scale in the production data is shifted
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by −6.5 eV compared to the reference data. The accuracy of the energy
determination was ±3.5 eV in the energy region from 4 keV to 10 keV [11].
This shift is due to the instability of our electronics caused by differing
conditions between the production and X-ray tube data. The largest contri-
bution is a rate-dependent effect on the SDDs. The hit rate of the SDDs in
the X-ray tube data was about 10 times higher than that in the production
data, causing the observed shift.
The shift needs a correction to determine X-ray energies on an absolute
energy scale. A value on the absolute energy scale (Eexp) is calculated by
adding the correction term (ε) to a fit value in the production data (Efit):
Eexp = Efit + ε, (1)
where
ε = +6.5± 3.5 eV (2)
The uncertainty of ε is used for the evaluation of a systematic error in the
energy determination.
The timing information of the coincidence data was analyzed to reject
X-ray events uncorrelated to the K+K− production timing.
The charged kaons were identified by means of the time-of-flight tech-
nique in the kaon detector [6, 15]. A correlation of the time difference on
the two scintillators is shown in Fig. 3, where the gray scale in the figure
corresponds to the number of events per bin on a logarithmic scale. The
events corresponding to K+K− pairs were marked in the figure, as well as
the events of fast minimum-ionizing particles (MIPs) which passed through
the two scintillators in coincidence. Because a half frequency of the beam
synchronous timing signal was used for the start timing of the time-of-flight,
the K+K− pair events appeared in two different timing regions in this timing
spectrum [11, 15]. The regions marked with a rectangle were accepted as a
timing window for the K+K− coincidence.
The time-difference spectrum of the K+K− pair events in the kaon detec-
tor and the X-ray events in the SDDs is shown in Fig. 4. The origin of the
horizontal axis is arbitrary because of a delay time of the electronics. The
peak in the figure corresponds to the coincidence events of the K+K− pairs
and X-rays (triple coincidences). A region from 2.9 µs to 4.6 µs was selected
as the timing window of the coincidences.
Figure 5 shows the X-ray energy spectrum of the SDDs in the triple
coincidence timing, where the energy scale determined from the X-ray tube
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Figure 3: Timing spectrum of the two scintillators in the kaon detector. The time difference
between the clock signals delivered by DAΦNE and the coincidence of the two scintillators
is shown. The K+K− and MIPs coincidence events are marked in the figure. The regions
marked with a rectangle were accepted as timing windows of the K+K− coincidence.
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Figure 4: Time spectrum of the SDDs. The time difference between theK+K− coincidence
and SDD X-ray hits was plotted. The peak region corresponds to the coincidence of the
K+K− and X-ray events. A region from 2.9 µs to 4.6 µs was accepted as a timing window
of the triple coincidences.
9
data was used for the horizontal axis. A peak seen at 6.2 keV is identified as
the kaonic 3He Lα line (the 3d→ 2p transition). Along with this peak, other
small peaks are seen. They are identified as the Ti Kα line at 4.5 keV, the
kaonic carbon 6h → 5g transition at 5.5 keV, the kaonic oxygen 7i→ 6h at
6.0 keV, and the kaonic nitrogen 6h → 5g at 7.6 keV. The kaonic atom X-
rays were produced by kaons stopping in the target window made of Kapton
(Polyimide) (C22H10O5N2). The identification of these lines was confirmed
in the analysis of data taken with other target gases (hydrogen, deuterium,
and helium-4).
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Figure 5: Energy spectrum of the kaonic 3He X-rays in coincidence with theK+K− events.
The kaonic 3He 3d→ 2p transition is seen at 6.2 keV. Together with this peak, small peaks
are seen, which are the kaonic atom X-ray lines produced by kaons stopping in the target
window made of Kapton (Polyimide), and the Ti Kα line at 4.5 keV.
The kaonic helium Lα peak was fitted with a Voigt function, which is a
convolution of a Gaussian and a Lorentzian. The fit lines are shown in the
figure. The energy resolution of the peak is consistent with the value obtained
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from the non-coincidence data (about 150 eV (FWHM) at 6.2 keV). The peak
position was determined to be
Efit = 6216.5± 2.4 eV. (3)
Using the correction term ε in Eq. (2), the absolute energy of the kaonic 3He
3d→ 2p transition was then determined to be:
Eexp = Efit + ε (4)
= 6223.0± 2.4 (stat)± 3.5 (syst) eV,
where the second term is the statistical error, and the third term is the
systematic error. The latter was evaluated from the accuracy of the energy
determination (± 3.5 eV). Other contributions to the systematic error (e.g.
effects of timing region selection and contributions of the kaonic oxygen line
at 6.0 keV) are negligible.
4. Discussion and conclusions
The energy of the kaonic 3He 3d → 2p transition (Ee.m.) was calculated
using the Klein-Gordon equation together with an energy shift caused by
the vacuum polarization effect. The formula given in [16] was used for the
calculation of the vacuum polarization effect, where the first order of the
Uehling potential was taken into account. The energy levels of the 3d and 2p
states are tabulated in Table 1. The calculated energy (Ee.m.) of the kaonic
3He 3d→ 2p transition was:
Ee.m. = 6224.6 eV. (5)
The contribution from the higher-order vacuum polarization terms is esti-
mated to be 0.2 eV, and the uncertainty due to the kaon mass error is about
±0.2 eV. Other corrections (e.g. a recoil effect, a charge-radius effect) are
negligibly small, compared to the above terms.
The strong-interaction shift ∆E2p of the kaonic
3He 2p state is obtained
from the difference between the experimentally determined value Eexp and
the QED calculated value Ee.m. (The strong-interaction shift of the 3d state
is negligibly small). The result is:
∆E2p = Eexp − Ee.m.
= −2± 2 (stat)± 4 (syst) eV, (6)
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Table 1: Calculated energy levels of the kaonic 3He 3d and 2p states. The calculations
used the Klein-Gordon equation (K.G.), and the vacuum polarization effect (V.P.) from
the first-order term of the Uehling potential. In the last line, the energy of kaonic 3He
3d→ 2p transition is shown.
Level K.G. [eV] V.P. [eV] Total [eV]
2p -11179.6 -15.4 -11195.0
3d -4968.6 -1.9 -4970.5
3d→ 2p 6211.0 13.5 6224.6
where the second term denoted as (stat) is the statistical error and the third
term denoted as (syst) is the systematic error.
Using the same setup as well as the same measuring and analysis pro-
cedures, kaonic 4He 3d → 2p X-rays were measured over short periods for
a very first look at a possible isotope shift between kaonic 3He and 4He [7].
The strong-interaction shift of the kaonic 4He 2p state was determined to be
∆E2p = +5± 3 (stat)± 4 (syst) eV. This result is in agreement, within the
errors, with the results reported by the E570 [5] and SIDDHARTA [6] col-
laborations. Since the present results both of the kaonic 3He and 4He shifts
were determined with the same procedures, their difference gives directly a
first indication that the kaonic 3He-4He isotope shift is rather small, which
is expected also in theories [7, 17].
In conclusion, for the first time, the energy of the kaonic 3He 3d → 2p
transition was measured using a gaseous 3He target in the SIDDHARTA
experiment. The strong-interaction shift of the kaonic 3He 2p state was
determined to be ∆E2p = −2± 2 (stat)± 4 (syst) eV.
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